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Abstract— This paper presents the design of the composite
nonlinear feedback (CNF) control law for DC motor speed con-
trol. First, a linear feedback control law is designed such that
the closed-loop system under this linear control law has small
damping ratio. Then, a nonlinear feedback part is designed
based on this linear feedback law. The nonlinear function of the
nonlinear feedback part is tuned by formulating the parameter
tuning problem into a minimization problem. The minimization
problem is solved by Hooke-Jeeves algorithm. The well designed
CNF control law results in a satisfied transient performance
with small overshoot, and fast rising time and settling time.
I. INTRODUCTION
The DC servo motors are widely used in various industrial
applications such as machine tool, coil winders, converting
equipment and robotic. PID controller is the conventional
control law for the DC servo motor control. To improve
the performance of the servo systems, various advanced
control methods are proposed in recent years, for example,
H∞ control, sliding mode control, fuzzy and neural control,
et. al., see [9], [18], [20], and their references. For a high
precision servo system, not only the steady state performance
but also the transient performance are required. To improve
the transient performance of the closed-loop system, a non-
linear control technique called composite nonlinear feedback
(CNF) control was firstly proposed by Lin et al. [16] for a
class of second order linear system with input saturation.
The CNF control law consists of a linear feedback part
and a nonlinear feedback part. The linear feedback part is
designed to yield a closed-loop system with a small damping
ratio to minimize the rising time. The nonlinear feedback
part is introduced to increase the damping ratio of the
closed-loop system when the output approaches the tracking
target to reduce the overshoot caused by the linear part. By
appropriately selecting the nonlinear function, a servo system
with improved transient performance (small overshoot, quick
rising time and settling time) can be obtained. After the
work of [16], Turner et al. [21] extended the CNF control
technique to the multivariable systems. Furthermore, Chen
et al. [5] developed a CNF control to a more general class
of systems with measurement feedback. The results of [5]
are extended to multivariable system in [12]. More recently,
Lan et al. [14] extended the CNF control technique to
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a class of nonlinear systems. Moreover, the CNF control
technique is successfully applied to the hard disk drive
(HDD) servo systems [6],[15],[22],[23], the helicopter flight
control system [3], and servo position systems [7],[8], etc. In
this paper, we will investigate the design of speed controller
of DC motor by using CNF control technique.
The remaining part of the paper is organized as follows.
Section II describes the control problem and presents the
preliminaries on CNF control. The CNF control law is
designed for DC motor speed control in Section III. First,
the dynamic model of the DC motor is established for speed
control. Then, the details of the CNF controller design is
presented based on the model of the DC motor. Finally,
Section IV ends the paper with some concluding remarks.
II. PROBLEM DESCRIPTION
The objective of this paper is to design a composite
nonlinear feedback (CNF) controller for a DC motor speed
control system such that the closed-loop system has perfect
transient performance, that is,
• Small overshoot (0.1% or less),
• Minimum settling time,
• Minimum rising time.
The CNF controller is in the form of
u = uL + uN
The linear part uL is designed to yield a closed-loop system
with a small damping ratio to minimize the rising time. The
nonlinear part uN is introduced to increase the damping
ratio of the closed-loop system while the system output
approaches the target reference to reduce the overshoot
caused by the linear part, and to minimize the settling time.
The design procedure of the CNF controller is described as
follows.
Consider a linear system with input saturation
ẋ = Ax + Bsat(u), x(0) = x0
h = Cx (1)
where x ∈ Rn is the state, u ∈ R the control input, h ∈ R
the controlled output. A, B, C are appropriate dimensional
constant matrices, and sat: R → R represents the actuator
saturation defined as
sat(u) = sgn(u) min{umax, |u|} (2)
with umax being the saturation level of the input. To design
a state feedback CNF control law, the following assumptions
on the system matrices are required:
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A1 (A,B) is stabilizable;
A2 (A,B, C) is invertible and has no zeros at s = 0.
A state feedback CNF control law can be constructed by
the following step-by-step design procedure.
Step S.1: Design a linear feedback law
uL = Fx + Gr (3)
where r is a step command input and F is designed such
that 1) (A + BF ) is an asymptotically stable matrix, and 2)
the closed-loop system C2(sI − A − BF )
−1B has certain
desired properties, e.g., having a small damping ratio. Such
an F can be worked out by using some well studied methods,
for example, LQR, H2 and H∞ optimization approaches (see
e.g., [1], [4], [19]). G is a scalar and is given by
G = −[C2(A + BF )
−1B]−1
Step S.2 Compute
H := [1 − F (A + BF )−1B]G
xe := −(A + BF )
−1BGr
The nonlinear feedback control law is given by
uN = ρ(r, h)B
TP (x − xe) (4)
where ρ(r, h) is any nonpositive function locally Lipschitz in
h, which is used to change the damping ratio of the closed-
loop system as the output approaches the step command
input. P > 0 is the solution of
(A + BF )TP + P (A + BF ) = −W
for some given W > 0.
Step S.3 The linear and nonlinear feedback laws derived
in the previous steps are now combined to form a CNF
controller
u = uL + uN = Fx + Gr + ρ(r, h)B
TP (x − xe) (5)
Remark 2.1: The stability and the tracking performance
of the closed-loop system consisting of the given system
(1) and the composite nonlinear feedback control law of (5)
are investigated in [5]. Specifically, for any δ ∈ (0, 1), let
cδ > 0 be the largest positive scalar satisfying the following
condition:
|Fx| ≤ umax(1 − δ), ∀x ∈ Xδ := {x : x
TPx ≤ cδ} (6)
Then, for any nonpositive function ρ(r, h), locally Lipschitz
in h, the composite nonlinear feedback law in (5) is capable
of driving the system controlled output h(t) to track asymp-
totically the step command input of amplitude r, provided
that the initial state x0 and r satisfy
x̃ := (x0 − xe) ∈ Xδ, |Hr| ≤ δumax (7)
TABLE I
THE PARAMETERS OF A DC MOTOR.
Torque Constant (Kt) 45.9 × 10−3 Nm/A
Back EMF Constant (Ke) 45.9 × 10−3 Vs/rad
Resistance (Ra) 4.62 Ω
Inductance (La) 3.97 mH
Rotor Inertia (Jm) 4.31 × 10−7 Kgm/s2
Viscous Friction Coefficient (b) 0 (Neglected)
Input Voltage Saturation Level (Vmax) 5V
III. CNF CONTROLLER DESIGN FOR DC MOTOR
A. Modeling a DC Motor
The model of a DC motor is introduced in many control
textbooks, see, e.g., [11]. The dynamic model of a DC motor




+ Raia = va − Keθ̇m (8)
and a mechanical equation
Jmθ̈m + bθ̇m = Ktia (9)
where La and Ra are the inductance and resistance of the
rotor windings respectively, ia the armature current, Kt the
torque constant, Ke the back EMF constant, Jm the inertia
of the rotor, b the viscous friction coefficient, θ̇m the shaft’s
rotational velocity, va is the input voltage. In consistent units,






, u = va, h = θ̇m
it is not difficult to obtain a state-space model for DC motor
speed control from (8) and (9),

























One set of parameters of a DC motor, cited from [10], are
listed in Table I. Since the input voltage is strict in ±5 V,
the model of the DC motor is given by a linear system with
input saturation
ẋ = Ax + Bsat(u)
h = Cx (11)
with umax = 5. The matrices A, B and C are defined by
(10).
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B. CNF Controller Design
In this subsection, we will design a CNF controller for
the DC motor speed control system (11). First, the linear
feedback gain F is designed such that (A + BF ) has





i.e., the closed-loop system C(sI−A−BF )−1B has damp-
ing ratio ξ = 0.4472 and natural frequency ω = 223.6rad/s.
The feedforward gain G is given by
G = −[C(A + BF )−1B]−1 = 0.0019
Thus, the linear feedback part of the CNF controller is given
by
uL = Fx + Gr
The nonlinear feedback control law is given by
uN = ρ(r, h)B
TP (x − xe)
where ρ(r, h) is any nonpositive function locally Lipschitz
in h, P > 0 is the solution of
(A + BF )TP + P (A + BF ) = −W
for some given W > 0, and
xe = −(A + BF )
−1BGr
To complete the design of the CNF controller, we need
to specify the nonlinear function ρ(r, h) and the positive
definite matrix W . We usually choose ρ(r, h) as a function
of the tracking error h−r, which in most practical situations
is known and available for feedback. As a general guideline,
ρ(r, h) needs to be selected such that it has the following
two properties:
P1 when the controlled output h is far away from the final
set point, i.e., when |h − r| is large, |ρ(r, h)| is small
and thus the effect of the nonlinear part of the CNF
control law is very limited.
P2 when the controlled output h approaches the set point,
i.e., when |h− r| is small, |ρ(r, h)| becomes larger and
larger, and the nonlinear part of the CNF control law
will become effective.
It is clear that the selection of ρ(r, h) is not unique. In [13],
the authors suggested a scaled nonlinear function which is
in the form of
ρ(r, h) = −βe−αα0|h−r| (12)





, h0 = r
1, h0 = r
(13)
By introducing the scaling parameter α0 , the closed-loop
performance is robust to the variation of tracking target r
[13]. The matrix W is selected such that
A + BF − βBB′P















After fixed F , G and P , the parameters α and β can be
tuned by trial and error manually or by some computer-aided
tuning methods. The details on parameter tuning for CNF
control law will be addressed in the next subsection. Thus,
the nonlinear feedback part of the CNF controller is given
by
uN = −βe
−αα0|h−r|[0.0027 1.4310](x − xe)
Finally, the CNF controller is obtained by combining the
linear feedback part uL and the nonlinear feedback part uN ,
i.e.,
uCNF = uL + uN
= [0.0440 3.8260]x + 0.0019r
−βe−αα0|h−r|[0.0027 1.4310](x − xe)(14)
with






C. Tuning Parameters of CNF Controller
Consider the closed-loop system consisting the DC motor
system (11) and the CNF controller (14),
ẋ = Ax + Bsat(u)
u = Fx + Gr − βe−αα0|h−r|B′P (x − xe) (15)
h = Cx
Assume that the control input is not saturated, and define
x̃ = x−xe, then the closed-loop system (15) can be rewritten
as
˙̃x = (A + BF − βe−αα0|h−r|BB′P )x̃
At t = 0, the closed-loop system is given by a linear system
˙̃x = (A + BF − βe−αBB′P )x̃
On the other hand, at the steady state, i.e., h = r, or
equivalently α = 0, the closed-loop system is reduced to
another linear system
˙̃x = (A + BF − βBB′P )x̃
It is clear that, during the transient period, the CNF control
law is switched smoothly from a linear controller
u = (F − βe−αB′P )x̃
to another linear controller
u = (F − βB′P )x̃




TRANSIENT PERFORMANCE (r = 10 rad/s).
Controller Overshoot Rising Time
(from 0 to 90%)
Settling Time
(±1%)
CNF Control 0.002% 9.1ms 10.6ms
Linear Control (CNF
with β = 0)
20.78% 9.1ms 39.3ms
Linear Control (CNF
with α = 0)
0 10.9ms 21.5ms
The tuning problem of α and β is investigated in [13]






t|h − r|dt (16)
The above minimization problem can be solved numerically
for some direct search algorithm, for example, Hooke-Jeeves
algorithm [2]. In fact, for the DC motor speed control system
(15), the minimization problem (16) is solved by the Hooke-
Jeeves algorithm, which gives
α = 27, β = 7
The simulation results for r = 10 rad/s and r = 100 rad/s
are shown in Figure 1 and Figure 2 respectively. To show the
virtue of the CNF control law, we compare the performance
of the CNF control law,
uCNF = Fx + Gr − βe
−αα0|h−r|B′P (x − xe)
the linear control law
uF = Fx + Gr
which is obtained from the CNF control law by setting β =
0, and another linear control law
uS = Fx + Gr − βB
′P (x − xe)
which is obtained from the CNF control law by setting
α = 0. Table II lists the transient performance indexes
including overshooting, rising time for 0 to 90% and ±1%
settling time for r = 10 rad/s. From Figure 1 and Table II,
we can see that the CNF control law has satisfied transient
performance. It not only has a very small overshoot, but also
minimizes the rising time and the settling time. Specifically,
under CNF control law uCNF , the output response has the
same rising time as that under the linear control law uF , but
the overshoot under uCNF is 0.002% while the overshoot
under uF is 20.78%. Though there is no overshoot under
the linear controller uS , the rising time and the settling time
is slow when compare it with the CNF controller uCNF .
Moreover, for r = 100 rad/s, the output response of the
closed-loop system under the CNF control law is similar
with the output response of r = 10 rad/s, which shows that
the tuned parameter is robust to the variation of the tracking
target. However, the control input is saturated under the linear
control law uF . No saturation happened for both uCNF and
uS .





















Linear Control (CNF with β=0)
Linear Control (CNF with α=0)
(a). The profile of output responses.




















Linear Control (CNF with β=0)
Linear Control (CNF with α=0)
(b). The profile of control inputs.
Fig. 1. Simulation result, r = 10 rad/s.
IV. CONCLUSIONS
A speed servo system with improved transient perfor-
mance is designed by using composite nonlinear feedback
(CNF) control technique. The CNF control law is a com-
position of two linear control laws. Under one of the linear
control law, the closed-loop system has a very small damping
ratio, while under another linear control law, the closed-
loop system has a very large damping ratio. During the
transient period, the CNF control law switches smoothly
from the linear control law with small damping ratio to the
linear control law with large damping ration by a nonlinear
function. By appropriately design the nonlinear function,
the closed-loop system under the CNF control law has a
very small overshoot and quick settling time. The simulation
results show that the output response of the speed servo
system has an overshoot less that 0.005%.
REFERENCES
[1] B. D. O. Anderson, and J. B. Moore, Optimal Control: Linear
Quadratic Methods, Prentice-Hall, Englewood Cliffs, NJ, 1989.
2163




















Linear Control (CNF with β=0)
Linear Control (CNF with α=0)
(a). The profile of output responses.























Linear Control (CNF with β=0)
Linear Control (CNF with α=0)
(b). The profile of control inputs.
Fig. 2. Simulation result, r = 100 rad/s.
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